Background
==========

The non-adipocyte stromal vascular fraction (SVF) of human adipose tissues contains a population of mesenchymal stem cells (MSCs) intimately associated with blood vessels \[[@b1-medscimonit-24-511]\]. These adipose tissue-derived stem cells (ASCs) possess many phenotypic and functional similarities to bone marrow-derived MSCs (BM-MSCs). However, unlike BM-MSCs, multipotent ASCs can be harvested at relatively high numbers (0.5×10^6^/g fat, in a typical harvest of 500 g tissue) with minimally invasive techniques (i.e., lipoaspiration or lipectomy) from subcutaneous adipose tissue \[[@b2-medscimonit-24-511]\]. ASCs rapidly proliferate in culture. This rapid expansion achieves cell quantities sufficient for treating large-volume lesions. Transplantation of ASCs is an emerging therapeutic option for addressing many intractable diseases, including cardiovascular diseases, such as peripheral artery disease (PAD) \[[@b3-medscimonit-24-511]--[@b8-medscimonit-24-511]\].

Currently, evidence suggests that the therapeutic effects of MSCs, including ASCs, are primarily mediated through paracrine mechanisms, rather than cellular transdifferentiation \[[@b9-medscimonit-24-511]--[@b12-medscimonit-24-511]\]. We recently demonstrated this effect directly by administering a concentrated secretome harvested from ASCs to the affected limb in a rabbit model of subacute critical limb ischemia (CLI) \[[@b13-medscimonit-24-511]\]. That study demonstrated robust repair of the ischemic limb with a cell-free ASC-derived therapeutic factor concentrate (TFC). The degree of reperfusion in ischemic limbs was dose-dependent, and it correlated with increased capillary density. Although the effect of a low dose was not significant, we observed an early trend of increased perfusion in this group of animals, which abated by the end of the study. That finding suggested the possibility that the effects were transitory, and might be enhanced by prolonging exposure to TFC by either repeating the treatment or by encapsulating or binding the TFC to matrices to provide sustained release.

It is well known that the extracellular matrix (ECM) serves as a repository of cytokines that modulate cellular behavior \[[@b14-medscimonit-24-511]\]. The 2 components of natural ECMs most responsible for factor binding are heparin and heparan sulfate proteoglycan, and both are glycosaminoglycans (GAGs). Furthermore, these GAGs bind to the charged regions found in most growth factors, including the potent angiogenic proteins, basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) (recently reviewed) \[[@b15-medscimonit-24-511]\]. Many of the factors identified in TFC, including monocyte chemoattractant protein (CCL2), hepatocyte growth factor (HGF), and insulin-like growth factor 1 (IGF-1), are heparin-binding molecules. Indeed, some of these factors, such as CCL2 and epithelial neutrophil-activating peptide 78 (CXCL5), must be bound to GAGs for functional activity \[[@b16-medscimonit-24-511],[@b17-medscimonit-24-511]\].

In the present study, we tested a method for delivering TFC complexed to SIS, where SIS was in a micronized form, suitable for injection. These particles had an average diameter of 120 μm, and they were largely composed of collagen, GAGs, and fibronectin; moreover, they contained some inherent growth factors \[[@b18-medscimonit-24-511]\]. Thus, in addition to binding to TFC, the GAGs, particularly heparan sulfates, are important regulators of biological process, including angiogenesis, which are required for repairing ischemic tissues \[[@b15-medscimonit-24-511],[@b19-medscimonit-24-511]\]. SIS has been used effectively, as a stand-alone therapy, in numerous clinical applications, including cutaneous and surgical wound healing applications \[[@b20-medscimonit-24-511],[@b21-medscimonit-24-511]\]. Therefore, for the present study, SIS was a logical choice for use as a carrier, because it might provide sustained release of TFC factors and promote their retention, when injected in the region of injury \[[@b22-medscimonit-24-511]--[@b26-medscimonit-24-511]\]. We employed the subacute rabbit CLI model to examine whether TFC complexed with SIS could enhance the beneficial effects observed in an earlier study that tested a single administration of TFC alone (also in the rabbit CLI model). Additionally, we conducted a long-term follow-up to determine whether the effects persisted.

This study also aimed to determine the mechanisms by which a single TFC administration could stimulate a sustained pro-angiogenic response in the host, as reported earlier. We hypothesized that a regulatory RNA, specifically a microRNA (miRNA), might contribute to the effects. miRNAs are small non-coding RNA molecules (\~22 nucleotides) that control expression of thousands of human genes at the post-transcriptional level, by binding to target mRNAs and interfering with transcription. The binding of miRNAs is based on homology to target sequences, mainly localized in the 3′ untranslated regions (3′ UTRs) of mRNA molecules \[[@b27-medscimonit-24-511],[@b28-medscimonit-24-511]\]. Many miRNAs are involved in regulating biological processes, including cell growth and proliferation \[[@b29-medscimonit-24-511]\]. In particular, miR-126 is highly enriched in endothelial cells and platelets. Previously, miR-126 was shown to regulate ischemia-induced angiogenesis \[[@b30-medscimonit-24-511]\]. MiR-126 augmented VEGF- and FGF-mediated angiogenic signaling by targeting Sprouty-related, EVH1 domain-containing protein 1 (Spred-1), an inhibitor of the Ras/MAP kinase pathway \[[@b31-medscimonit-24-511]\]. Moreover, endothelial miR-126 could regulate features of both angiogenesis and vasculogenesis. Those findings suggested a role for miR-126 in the maintenance of endothelial homeostasis \[[@b32-medscimonit-24-511]--[@b35-medscimonit-24-511]\]. Thus, we analyzed ischemic rabbit tissues for miR-126 expression to determine the effects of TFC and SIS on this important regulator of angiogenesis.

Material and Methods
====================

Human and animal research approval
----------------------------------

The collection of adipose tissue and blood from human volunteer was approved by the Ethics Committee of FN Ostrava (approval \# 654/2014). All procedures involving animals were approved by the Local Ethics Committee of the Polish Academy of Science, Cracow, Poland (approval no. 1250/2015).

Animals
-------

A total of 30 female New Zealand White Rabbits (4--6 months old, 3.01±0.21 kg) were purchased from Zakład Doświadczalny Instytutu Zootechniki PIB, Chorzelów, Poland. The environmental controls on temperature and humidity were set according to the animal care standards of the Center for Cardiovascular Research and Development (Kostkowice, Poland). Animals were acclimated to the test facility at least 14 days prior to the start of the study. Sufficient food was provided for maintenance, and water was supplied ad libitum. Each rabbit had a unique ID number (Ear tag + tattoo). Body weights were recorded upon receipt and weekly thereafter, until the end of the study. The most recent body weight was used for calculation of all peri-operative medications. Body temperature was measured with a rectal probe thermometer.

Hindlimb ischemia surgery
-------------------------

On day 0, rabbits were anesthetized with an intramuscular (IM) injection of 20--40 mg/kg Ketamine (Bioketan 100 mg/ml, Vetoquinol, Gorzow Wielkopolski, Poland) and 5--10 mg/kg Xylazine (Xylapan 20 mg/ml, Vetoquinol, Gorzów Wielkopolski Poland); they also received a subcutaneous (SC) injection of 0.5 mg/kg Atropine (Atropinum Sulfuricum 1 mg/ml, Warszawskie Zakłady Farmaceutyczne Polfa, Warszawa, Poland). Additional intravascular (IV) boluses of 20--50 mg (0.2--0.5 ml) Ketamine were administered to maintain an appropriate depth of anesthesia during the surgical hind limb ischemia procedure. The femoral artery, its branches, and the femoral vein were ligated from the inguinal ligament to the bifurcation of the saphenous and popliteal arteries, and the intervening sections were excised. The incision was closed with stainless steel staples.

Post-surgical care
------------------

Rabbits were observed daily post-surgery for signs of infection, pain, and wound dehiscence. Cephalexin (20 mg/kg SC) was administered once per day (SID) (Cefalexim 18%, ScanVet, Warszawa, Poland) for 5 days as an antibiotic treatment. Carprofen (Arthropharm Pharmaceuticals, Inc., Ontario, Canada) was administered at 1.5 mg/kg, SC, SID for 3--4 days as an analgesic therapy. Additionally, animals were checked daily for any adverse events, until termination. At each follow-up time-point, anesthesia was performed with the same procedure outlined for day 0.

ASC isolation and TFC preparation
---------------------------------

Adipose tissue was obtained from a 45-year-old female donor. The tissue was processed to isolate the SVF with a Cytori Celution device, as described previously \[[@b13-medscimonit-24-511]\]. Isolated SVF was processed to prepare TFC, as described previously \[[@b13-medscimonit-24-511]\].

Study groups and treatments
---------------------------

Rabbits with induced limb ischemia were randomly assigned to receive the following treatments: (1) Placebo control group: 5 ml Dulbecco's Modified Eagle's Medium (DMEM); (2) TFC group: 1 ml DMEM + 4 ml TFC; (3) SIS group: 4 ml. DMEM + 1 ml SIS; and (4) TFC + SIS group: 4 ml TFC + 1 ml SIS. Treatments were injected IM on day 7 after surgery with a 5-ml luer-lock syringe fitted with a 0.45×13 mm needle. Each dose of placebo, TFC, SIS, and TFC+SIS was divided into 5 parts: 2 parts were injected into each bundle (2 bundles) of the gastrocnemius muscle (4 injections), and one part was injected into the anterior tibial muscle. The injection volume was 1 ml per site.

Laser Doppler perfusion
-----------------------

Blood perfusion (expressed in relative perfusion units \[RPU\]) was measured in the skin and subcutaneous layers of the ischemic (left-INDEX) and intact (right-CONTROL) limbs with a Laser Doppler Perfilux 5000 device (Perimed, Järfälla, Sweden). Perfusion was measured on days 0 (before and after the surgery), 14, 28, 36, and 48.

Human ASC characterization with flow cytometry
----------------------------------------------

The cells obtained in the SVF isolation procedure were resuspended and analyzed with flow cytometry to determine cell surface marker expression. Briefly, cells (2×10^5^) were added to tubes containing complete medium (100 μl) and the tubes were maintained on ice. Fluorescently-conjugated monoclonal antibodies specific for cell surface markers, or isotype controls, were added (1 μl) to the tubes and incubated for 20--30 min on ice. Cells were subsequently washed with phosphate buffered saline (PBS), fixed in paraformaldehyde (Tousimis, Rockville, USA), and analyzed with a Cytomics FC500 (Beckman Coulter, Brea, CA, USA). The following antibody-conjugates (Beckman Coulter, Brea, CA, USA) were used: CD34-phycoerythrin (PE) (cat \# A0776); CD34-Fluroscein isothiocyanate (FITC) (cat \# IM1870); CD34-phycoerythrin/Cy5 (PC5) (cat \# A07777); CD10-FITC (cat \# IM0471U); CD29-PE (cat \# 6604159); CD31-PE (cat \# IM2409); CD45-FITC (cat \# A07782); CD45-ECD-R Phycoerythrin-Texas Red-X (cat \# A07784); CD49-FITC (cat \# IM1425); CD73-PE (cat \# 344003); CD90-FITC (cat \# IM1839U); CD105-PE (cat \# A07414); CD13-PE/CD14-FITC (cat \# A07722); and IgG1 isotype control-PE/FITC (cat \# A07794).

Characterization of TFC
-----------------------

TFC samples were analyzed with ALBIA and ELISA to detect multiple human growth factors and cytokines. We employed Luminex screening assay kits (cat. no. LXSAHM-19, lot 1415713 and cat. no. LXSAHM-05, lot 1415707, from R&D Systems, Minneapolis, Minnesota, USA) for detecting the following factors: brain derived neurotrophic factor (BDNF), epithelial cell-derived neutrophil-activating peptide-78 (ENA-78), acidic fibroblast growth factor (aFGF), hepatocyte growth factor (HGF), interleukin-1β (IL-1β), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-7 (IL-7), interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-12 p70 (IL-12 p70), macrophage migration inhibitory factor (MIF), monocyte chemoattractant protein 1 (MCP1), matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-9), stromal cell-derived factor 1 (SDF-1), tissue inhibitor of metalloproteinases 1 (TIMP-1), tumor necrosis factor α (TNFα), vascular endothelial growth factor (VEGF), interferon γ (IFN-γ), interleukin-13 (IL-13) and platelet-derived growth factor AA (PDGF-AA). We determined tumor necrosis factor-inducible gene 6 protein (TSG-6) expression with the ELISA kit, TNFAIP6/TSG-6-1β (LifeSpan BioSciences; Seattle, WA, USA). We performed insulin-like growth factor 2 (IGF-2) determinations with the Human IGF-2 ELISA kit (BioVendor -- Laboratorní Medicína a.s., Brno, CZ). ALBIAs were measured with a Bio-Plex 200 (Bio -- Rad laboratories, Inc., CA, USA) and analyzed with BioPlex Manager software, version 6.0 (Bio -- Rad laboratories, Inc., CA, USA). Five-parameter logistic curves were applied for calibrations. ELISA measurements were performed with a Dynex MRX microplate reader (Dynex, Buštěhrad, CZ), and sample concentrations were evaluated with Myassays software (*<http://www.myassays.com>*). Four-parameter logistic curves were applied for calibrations.

Creation of micronized SIS
--------------------------

Sections of porcine jejunum were harvested from freshly-killed, mature, female pigs (culled sows) raised for human food production. Tissues were preserved under cryogenic conditions until further processing. Next, tissues were delaminated and decellularized with standardized, commercial processes, as described in US patents (\#4,902,508 and 6,206,931) and in a published study. Short sections of hydrated SIS were then pinned to polymer boards, carefully lyophilized to a very low water content, milled in a Retsch tissue mill, and sieved to remove the largest particles. The final preparation contained a range of particle sizes, with a median size of 120 μm \[[@b36-medscimonit-24-511]\]. This micronized SIS preparation was packaged in gas-permeable bags and sterilized with ethylene oxide prior to shipment to the research facility.

Optimized binding of TFC to SIS
-------------------------------

TFC binding to SIS was optimized prior to testing in the rabbit CLI model. A 2.5% (w/v) suspension of SIS (version 1.0 lyophilized powder, prototype, lot p118677, COOK Biotech Inc., Lafayette, IN, USA) was prepared by adding 0.1734 g of lyophilized SIS to 6.763 ml of PBS, and the suspension was stored at 4°C. This SIS suspension was added to a fixed volume (0.5 ml) of TFC to achieve final concentrations of 0.25, 0.5, 0.75, and 1% SIS. The total volume was adjusted to 1 ml with PBS. The suspensions were then mixed and incubated overnight at 37°C/5% CO~2~. Next, the suspensions were centrifuged at 300×g for 10 min, and the liquid layers were removed to new tubes and stored at −70°C. The SIS was resuspended in 0.5 ml PBS, and the tubes were placed back in the incubator. After 24 h incubation the suspensions were centrifuged at 1500×g for 10 min, and the 0.1 ml of liquid layers were removed to new tubes and stored at −70°C. The rest of samples were resuspended and placed back in the incubator. This process was repeated once more for 96 h. Each collected supernatant was stored at −70°C until assayed with ELISA. The specific volumes and combinations tested were: (A) 0.5 ml TFC/0.5 ml PBS; (B) 0.1 ml SIS/0.5 ml TFC/0.4 ml PBS; (C) 0.2 ml SIS/0.5 ml TFC/0.3 ml PBS; (D) 0.3 ml SIS/0.5 ml TFC/0.2 ml PBS; (E) 0.4 ml SIS/0.5 ml CM/0.1 ml PBS; (F) 0.4 ml SIS/0.5 ml DMEM/0.1 ml PBS.

Histology
---------

### Immunohistochemistry

Formol-fixed tissue segments of gastrocnemius muscles were paraffin-embedded in blocks. The blocks were sectioned at a thickness of 2--4 μm, then stained with hematoxylin-eosin (H&E; Merck, Kenilworth, NJ). After examination of H&E-stained sections to confirm tissue integrity, additional sections were processed for immunohistochemical analyses. Detection of immunohistochemical markers (CD31 for endothelial cells and αSMA for smooth muscle cells) was performed with the Benchmark XT (Ventana Medical System). After blocking endogenous peroxidase activity and revitalizing the tissue antigens with CC1 buffer, the following primary antibodies were applied: monoclonal mouse anti-human CD31 (clone JCF0A, cat. No M0823, DakoCytomation, Glostrup, Denmark, dilution 1: 20) and monoclonal mouse anti-human αSMA (clone 1A4, cat. No M0851, DakoCytomation, Glostrup, Denmark, dilution 1: 100). Antigens were visualized with the staining system, iView DAB Detection Kit, and with hematoxylin counterstaining. Appendix tissue sections were used as positive and negative controls. We counted the numbers of positively stained vessels in a 10 mm^2^ area of each block. Vessel density was calculated as the ratio of the ischemic (Index) limb value to the non-ischemic (Control) limb value.

### In situ hybridization

From 29 rabbits, samples were acquired from paired gastrocnemius muscles, one from the normal and one from the ischemic hind limb of the same rabbit. The samples were embedded in paraffin blocks, and then cut into 2--4 μm sections. Sections were placed on Superfrost Plus^®^ slides (Thermo Scientific, Waltham, MA, USA). The *in situ* hybridization (ISH) procedure was performed with the miRCURY LNA™ microRNA Detection (FFPE) kit (90005, Exiqon, Vedbaek, Denmark) according to the manufacturer's protocol. Briefly, proteinase K (0.5 μg/ml) was applied to tissue sections for 10 min at 37°C. The optimal probe concentration was previously established as 40 nM. After hybridization with the LNA probes in the kit, miR-126 molecules were visualized \[[@b37-medscimonit-24-511]\]. Stained sections were assessed under an Olympus BX40 (Olympus, Tokyo, Japan) optical microscope. The degree of miR-126 positivity in vessels and fibrous scars was scored on a semi-quantitative assessment scale, where 1=no or weak positivity and 2=moderate positivity. The positivity index was calculated separately for vessels and scars, and it was expressed as the number of samples with moderate miR-126 positivity out of the total number of samples in each treatment group.

Relative expression of miR-126 evaluated with quantitative RT-PCR
-----------------------------------------------------------------

Total RNA was isolated from representative fresh frozen samples of the anterior tibial muscles and from healthy and ischemic rabbit hind limbs (N=29 rabbits) with the mirVana™ miRNA Isolation Kit (AM1560, Applied Biosystems, Foster City, CA, USA). Isolated RNA was reverse-transcribed with the TaqMan^®^ MicroRNA Reverse Transcription Kit (4366596, Applied Biosystems, Foster City, CA, USA), which provided pooled gene-specific primers for detecting miR-126 (miR-126-3p) and RNU6B (RNA, U6 small nuclear 2) (Applied Biosystems, Foster City, CA, USA). The cDNA products were preamplified with the TaqMan^®^ PreAmp Master Mix (2x) (4391128, Applied Biosystems, Foster City, CA, USA), and primers were provided in the pooled TaqMan^®^ MicroRNA Assays (Applied Biosystems, Foster City, CA, USA) for detecting miR-126 and RNU6B. The miRNAs were evaluated with quantitative PCR (qPCR), performed with the TaqMan^®^ Universal PCR Master Mix (2×) (4440047, Applied Biosystems, Foster City, CA, USA) and a miRNA specific probe from TaqMan^®^ MicroRNA Assays (4427975, Assay ID: 002228 and 001093, Applied Biosystems, Foster City, CA, USA). RNU6B was used as an endogenous control. Real-time qPCR (RT-qPCR) was performed in triplicate on a LightCycler^®^ 480 System (Roche, Branford, CT, USA). The entire procedure was performed according to the manufacturer's protocols. The relative expression of miR-126 was calculated with the 2^−ΔΔCt^ method \[[@b38-medscimonit-24-511]\]. We assume that, these relative expression levels were compared between the index and control limbs to obtain a miR-126 ratio (index/control limb). Finally, these ratios were compared between treatment groups.

Data representation and statistical analyses
--------------------------------------------

Summary statistics are expressed as the arithmetic mean and standard deviation (mean ± sd). Most measurements are displayed as box and whisker plots (boxplots) to account for the strong non-Gaussian features of the data. On the boxplots, the central mark is the median; the top and bottom edges of the box are the 75^th^ and 25^th^ percentiles, respectively; the whiskers extend to the most extreme data points (not considering outliers), which are marked with the black dots. Also, the ordinal scatter plots are used for better representation of data which could possibly distinguish individual animals in the sense of extreme values within particular group. To test the key statistical hypotheses about the treatment groups, all the endpoints were compared between groups with Kruskal Wallis, Mann Whitney, or Welch t-tests, according to their suitability for the particular statistical properties (probability density moments) of the distributions of the measurements. In addition to classical statistics, an alternative approach of gnostics was used to analyze and validate our findings \[[@b39-medscimonit-24-511],[@b40-medscimonit-24-511]\].

Results
=======

Characterization of TFC
-----------------------

Freshly isolated SVF and cultured cells displayed the cell surface markers typical of human adipose tissue-derived populations ([Table 1](#t1-medscimonit-24-511){ref-type="table"}). After cells were cultured for 4 passages, the population possessed surface marker profiles typical of ASC; they were uniformly positive for the mesenchymal surface markers, CD13 and CD73, and did not co-express endothelial (CD31) or hematopoietic (CD45) surface markers. The levels of selected growth factors and cytokines in the TFC derived from the passaged cells, are given in [Table 2](#t2-medscimonit-24-511){ref-type="table"}. The profile of measured factors was very similar to that obtained in a previous study, with the exception that we found higher levels of IL-2, IL-4, and IL-8 \[[@b13-medscimonit-24-511]\]. This TFC was used for treating rabbits with CLI.

Optimization of the TFC and SIS combination
-------------------------------------------

The optimal binding and release kinetics were determined by incubating a set concentration of TFC with various amounts of SIS, and then following the release of selected factors, when resuspended in PBS ([Figure 1](#f1-medscimonit-24-511){ref-type="fig"}). The input concentrations of aFGF, VEGF, and HGF (first column) were compared to the unbound concentrations following incubation with SIS (columns 2, 5, 8, and 11). We found that the lowest concentration of SIS (0.25%) induced near maximal binding capacity for these 3 factors. Furthermore, the apparent release kinetics of the measured factors were slower at this SIS concentration than at the higher concentrations (0.5--1.5%). Based on these data, we used a ratio of 1 ml TFC to 0.5% SIS for the *in vivo* studies.

Reperfusion of hindlimb ischemia
--------------------------------

A total of 30 animals were included in the study. One rabbit in the SIS treatment group died on day 36, but all other animals completed the entire study. The weights and temperatures of the animals remained within normal levels with no differences between groups during the study period ([Figure 2](#f2-medscimonit-24-511){ref-type="fig"}). We measured blood perfusion in the left (index) ischemic and right (control) intact limbs. Measurements were performed in the lower hindlimb, as described previously \[[@b13-medscimonit-24-511]\] ([Figure 3](#f3-medscimonit-24-511){ref-type="fig"}). On day 28, the index/control perfusion was significantly higher in the TFC, SIS, and TFC+SIS groups, compared to placebo (p=0.0816, p=0.05428, and p=0.0639, respectively). Enhanced index/control perfusion (compared to placebo) was maintained on day 36 in the TFC group (p=0.0866), but not in the other groups. Perfusion was not significantly different among groups by day 48 ([Figure 4](#f4-medscimonit-24-511){ref-type="fig"}).

Vessel density
--------------

Vessel density was calculated as the ratio of the ischemic (Index) limb value to the non-ischemic (Control) limb value. We counted all vessels positively stained for CD31 and αSMA antigens ([Figure 5](#f5-medscimonit-24-511){ref-type="fig"}). The index/control ratios of CD31^+^ capillary densities were significantly higher in the SIS and TFC+SIS groups compared to the placebo group (p=0.0093 and 0.0054, respectively) ([Figure 5A](#f5-medscimonit-24-511){ref-type="fig"}). The index/control ratios of αSMA-stained vessel densities (presumably small arterioles) was higher in the SIS group (p=0.0305) than in the placebo group ([Figure 5B](#f5-medscimonit-24-511){ref-type="fig"}).

Quantitative analysis of miR-126 expression
-------------------------------------------

We evaluated the expression of an important regulator of angiogenesis, miR-126, in gastrocnemius muscle samples. The qRT-PCR results were evaluated with the 2^−ΔΔCt^ method. The target gene expression levels in the index limb were compared to levels in the control limb of each animal. The absolute levels of miR-126 were very low in the tissues measured in the placebo, TFC, SIS and TFC+SIS groups. The low levels of miR-126 detected with qRT-PCR may reflect the restricted expression of this RNA species to endothelial cells and well-vascularized tissues \[[@b41-medscimonit-24-511]\]. The ratios (index/control limb) of miR-126 expression were: 1.35±1.4 (control); 1.32±1.81 (TFC); 2.3±1.91 (SIS); and 2.9±3.07 (TFC+SIS). We observed a trend of higher miR-126 expression in the SIS and TFC+SIS groups (p=0.1161 and 0.1967 respectively) compared to the placebo and TFC groups ([Figure 6](#f6-medscimonit-24-511){ref-type="fig"}). Although these values were not significantly different, they did correlate with vessel density measurements. This observation suggested that angiogenesis was actively promoted by miR-126 on day 48 after the induction of ischemia ([Figure 5](#f5-medscimonit-24-511){ref-type="fig"}).

Histomorphology and *in situ* hybridization of miR-126
------------------------------------------------------

All tissues from each group that were evaluated with H&E exhibited characteristics of the late stages of healing, such as active maturation of fibrous scars ([Figure 7](#f7-medscimonit-24-511){ref-type="fig"}). We performed ISH to detect miR-126 in gastrocnemius muscle tissues to determine whether its expression correlated with structural evidence of tissue repair and reperfusion. Positive staining for miR-126 was observed in the vascular endothelium, the smooth muscle cells of the arterioles, the cellular elements of fibrous scars, and in the sarcoplasm of some muscle fibers. Overall, miR-126 positivity was relatively low in tissues on day 48. More distinctive miR-126 positivity in blood vessels (indicating ongoing angiogenesis) was observed in the samples from the SIS and TFC+SIS groups compared to samples from the placebo group. Tissue samples from limbs treated with TFC alone were virtually miR-126-negative.

The degree of miR-126 positivity in vessels and fibrous scars was assessed semi-quantitatively, based on a tissue scoring system. Samples were scored as: 1=no or weak positivity, or 2=moderate positivity. The positivity index was calculated separately for vessels and scars, and it was expressed as the number of samples with moderate miR-126 positivity out of the total number of samples in each treatment group. The miR-126 positivity indexes in vessels were: placebo, 0.33; TFC, 0; SIS, 0.29; and TFC+SIS, 0.13. The indexes for scar regions were: placebo 0.33; TFC, 0; SIS, 0.13; and TFC+SIS, 0.25.

Discussion
==========

Treating ischemic tissues with ASC-derived TFC is a potential alternative therapy to stem cell injections \[[@b42-medscimonit-24-511]--[@b44-medscimonit-24-511]\]. Our previous study demonstrated robust dose-dependent repair with a single IM bolus of TFC in a rabbit model of CLI \[[@b13-medscimonit-24-511]\]. In the present study, we tested the potential for enhancing this effect by combining TFC with the biological matrix, micronized SIS. We reasoned that, as a carrier, SIS possessed properties that could be additive to TFC action. SIS possesses a microstructure that is conducive to the attachment and growth of immigrating reparative cells and its composition facilitates the binding and release of associated growth factors. Independent of TFC, growth factors have the potential to stimulate endogenous repair, modulate inflammation, and promote survival of at-risk tissues \[[@b20-medscimonit-24-511]\]. Additionally, the factors that are inherently associated with SIS could complement the factors associated with TFC. For instance, we measured much higher concentrations of FGF-2 in SIS than in TFC. Thus, SIS could serve as a biological "sponge" for TFC components, a scaffold for reparative cells migrating into the injury site, and a sink for therapeutic factors \[[@b45-medscimonit-24-511]\].

In the present study, although LDP showed that TFC significantly enhanced tissue perfusion, the effect was somewhat attenuated, compared to the effect observed previously \[[@b13-medscimonit-24-511]\]. A partial explanation for this discrepancy might be that these 2 studies differed with respect to the donor adipose from which the ASC samples were isolated. In fact, the cells used in the present study secreted higher levels of IL-2, IL-4, and IL-8 compared to cells in the previous study. Interleukins are classically defined as T-cell stimulators, and they have recently been shown to have dual functions, depending on the concentration. For instance, IL-8 is proangiogenic at low concentrations and proinflammatory at high concentrations \[[@b46-medscimonit-24-511]\]. Thus, higher levels of these factors in the TFC used in the present study may have negatively contributed to TFC potency.

The effects of TFC and SIS on repair of ischemic hind limb muscles were equivalent; we observed no additive effect with the combination. However, the reparative process appeared to be prolonged with SIS treatment compared to TFC treatment. This was evidenced by the increased microvessel density observed at 48 days with SIS treatment (either alone or in combination with TFC). Interestingly, miR126 levels in ischemic tissues in the TFC group were lower than miR-126 levels in the placebo and SIS groups. This regulatory RNA species is a master regulator of adult neoangiogenesis in response to ischemic injury. Antagonism of miR-126 severely attenuated recovery of tissue perfusion in a mouse model of hind limb ischemia \[[@b33-medscimonit-24-511]\]. This effect of TFC on miR-126 was not observed when TFC was combined with SIS. A potential explanation for this observation might be that TFC promoted rapid healing, but in the later period (48 days after ischemia), when miR-126 was analyzed, the TFC effects may have been completed. In contrast, SIS had sustained effects, due to its longer-term physical presence in tissues; thus, it continued to promote some repair.

Another interesting finding from this study was the ISH detection of miR-126 in muscle tissues. Previously, miR-126 was reported to be an endothelial-restricted miRNA. However, we detected miR-126 in other cellular elements, including in the smooth muscle cells of arterioles, in fibrous scars, and in the sarcoplasm of some muscle fibers. These data suggested that miR-126 had a broader tissue distribution than previously reported, at least under pathological conditions \[[@b47-medscimonit-24-511]\].

Conclusions
===========

A rabbit limb ischemia model was constructed to confirm the hypothesis that miR-126 has role in CLI treatment using Adipose-Derived Stem Cell Therapeutic Factor Concentrate and Extracellular Matrix Microparticles. The influence of miR-126 on angiogenesis and vasculogenesis regulation has been tested using a quantitative analysis of miR-126 expression, histomorphology, and *in situ* hybridization of ischemic rabbit tissues.

For better understanding of the role of miR-126 in angiogenesis and vasculogenesis, it will be suitable to monitor changes of analyzed parameters in different phases of reparative process in time. These preliminary results showed that expression level of miR-126 reflects successful reparation of ischemic hind limb muscles after the treatment application, but it should be confirmed by studies with larger sample groups.

These results support our hypothesis that TFC can be used as an alternative to cellular therapy for the treatment of critical limb ischemia. We reasoned that it might be possible to enhance the effect of TFC by combining it with a carrier, as tested in this study, and to promote sustained release of repair factors in the target tissue. Future studies will be directed towards optimizing this combination. A successful treatment might increase the quality of life and reduce morbidities (such as amputations) for a significant population of patients with CLI that currently lacks sufficient improvement with conventional therapy.
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![Optimizing TFC binding to SIS and determining kinetics of growth factor release. The levels of aFGF, HGF, and VEGF in twice-diluted TFC (red bar 1). TFC (0.5 ml) was incubated overnight with different ratios of SIS: PBS to promote binding. The unbound levels of aFGF, HGF, and VEGF after incubation were quantified in the supernatants of these cultures (bars 2, 5, 8, 11, and 14). Pellets of these cultures were re-suspended in DMEM and incubated at 37°C for 24 h (bars 3, 6, 9, 12, and 15) and 96 h (bars 4, 7, 10, 13, and 16). Supernatants were collected, and the levels of the indicated growth factors were determined. The mixtures contained TFC (0.5 ml, constant), and the following combinations of SIS to PBS: 0.1 ml SIS + 0.4 ml PBS (green bars 2--4), 0.2 ml SIS + 0.3 ml PBS (pale blue bars 5--7), 0.3 ml SIS + 0.2 ml PBS (blue bars 8--10), 0.4 ml SIS + 0.1 ml PBS (violet bars 11--13), and 0.5 ml SIS (orange bars 14--16). The total volume for each sample was 1 ml.](medscimonit-24-511-g001){#f1-medscimonit-24-511}

![Weight and temperature analysis of rabbits during treatment. Day 0 to day 48 measurements of weight and temperature; the medians and robust lower and upper bounds are plotted. No adverse elevation in body temperature and no significant differences in normal weight were observed after TFC, SIS, or TFC+SIS were administered in the rabbit groups during the period of observation.](medscimonit-24-511-g002){#f2-medscimonit-24-511}

![Skin perfusion analysis. Skin perfusion was measured with a Periflux 5000 contact probe. Laser Doppler flow was measured at the level of the gastrocnemius muscle (**A**) before surgery; (**B**) after SFA ligation and extraction, perfusion was measured at the same position.](medscimonit-24-511-g003){#f3-medscimonit-24-511}

![Laser Doppler skin perfusion. Ordinal scatter plots for days 0 to 48 with marked individual animals, showing the development of the index/control perfusion ratio in individual animals. We also compared dispersion of data within graphs which contain values measured at the same time. Changes within particular group in the observed time can also be seen. LDP is expressed as the ratio of relative perfusion units (RPU) in the index limb/control limb. Measurements are shown for days 0 to 48**.** The index/control perfusion ratios on day 28 in the TFC, SIS, and TFC+SIS groups were significantly higher than that in the placebo control group (p=0.0816, p=0.0543, and p=0.0639, respectively). The index/control perfusion ratio on day 36 was significantly higher in the TFC group (p=0.0866) than in the placebo group, (P=placebo, T=TFC, S=SIS, TS=TFC+SIS).](medscimonit-24-511-g004){#f4-medscimonit-24-511}

![Vessel density measurement. (**A**) Ratios of CD31+ capillary densities (ischemic/control limb) measured in the gastrocnemius muscles. Ischemic/control ratios in the SIS and TFC+SIS groups were significantly higher than in the controls (p=0.0093 and p=0.0054, respectively). (**B**) Ratios of αSMA+ vessel densities in ischemic/control limbs. No difference between groups was observed.](medscimonit-24-511-g005){#f5-medscimonit-24-511}

![Target gene expression. The ratios of the index limb/control limb showed trends (p\>0.05) of higher miR-126 expression in the SIS (p=0.1161) and SIS+TFC (p=0.1967) groups, compared to the placebo group; these results are consistent with results found with the index limb perfusion measurements performed with the laser Doppler technique. Relative gene expression levels were calculated with the 2^−ΔΔCt^ method. Target gene expression in the index limb was compared to expression in the control limb from all distribution groups, and transformed with a Box-Cox power transformation.](medscimonit-24-511-g006){#f6-medscimonit-24-511}

![Detection of miR-126 molecules with *in situ* hybridization. Muscle tissue sections were probed with *in situ* hybridization to evaluate miR-126 expression and stained with H&E to visualize cellular structures. MiR-126 positivity was demonstrated in the following tissue structures: vascular endothelium, smooth muscle cells of the arterioles, cellular elements of fibrous scars, and in the sarcoplasm of some muscle fibers. (**A**) miR-126 positivity (blue) in the cell elements of a maturating scar (arrow); (**B**) the fibrous scar (arrow) in H&E staining; (**C**) miR-126 positivity (blue) in the vessels (arrow) and sarcoplasm of muscle fibers (arrowhead); (**D**) miR-126 negative tissue.](medscimonit-24-511-g007){#f7-medscimonit-24-511}

###### 

Characterization and distribution of cell populations in freshly obtained SVF and cultured ASCs derived from human adipose tissue.

  Suspension   Fresh SVF   P1 ASCs   P4 ASCs   
  ------------ ----------- --------- --------- -------
  CD45−        37.0        25.7      99.2      99.36
  CD45+        6.6         30.9      \<1       \<1
  CD105+       \<1         \<1       76.9      52.6
  CD13+        84.5        11.2      99.7      99.9
  CD10+        \<1         \<1       38.0      13.1
  CD31+        5.9         5.5       19.6      \<1
  CD90+        80.5        13.5      38.4      1.1
  CD14+        \<1         \<1       \<1       \<1
  CD29+        80.0        \<1       95.8      98.6
  CD49+        \<1         \<1       1.7       \<1
  CD73+        80.4        \<1       98.7      99.8

Values are the percentage of cell populations in freshly prepared non-adipocyte stromal vascular fraction (SVF) and cultured adipose tissue-derived stem cells (ASCs) in passage 1 (P1) and passage 4 (P4). Cell markers were evaluated with flow cytometry.

Fresh SVF contained 44% CD34+ cells;

P1 and P4 passages contained \<1% CD34+ cells.

###### 

Concentrations of selected proteins in human TFC used to treat ischemia in a rabbit model of CLI.

  Protein      pg/ml     Protein        pg/ml
  ------------ --------- -------------- -----------
  IFN-γ        33        BDNF           41
  IGF II       133,000   aFGF           203
  IL-1β        16        HGF            15,966
  IL-2         1,103     PDGF-AA        48
  IL-4         435       SDF-1α         941
  IL-6         952       TIMP-1         \>850,000
  IL-7         73        TSG-6          11,000
  IL-8/CXCL8   1,991     VEGF           11,360
  IL-10        4         MMP-1          11,090
  IL-12 p70    636       MMP-2          717,351
  IL13         989       MMP-9          55
  MCP-1/CCL2   9,324     ENA-78/CXCL5   3,736
  TNF-α        8         MIF            315,801
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